The cellular basis of reactive oxygen intermediate-induced arrhythmias was investigated in isolated rabbit ventricular cells using the whole-cell voltage-and current-clamp techniques. Singlet oxygen and superoxide were generated by the photoactivation of rose bengal. Single ventricular cells exposed to rose bengal (10-100 nM) exhibited spontaneous membrane potential fluctuations at plateau potentials and at the level of the resting membrane potential. The voltage fluctuations induced in the resting potential occasionally triggered repetitive action potential discharges. At the resting membrane potential, the magnitude and dominant frequency of the voltage fluctuations were 1-3 mV and 1.5 Hz, respectively. At plateau potentials, the amplitude of the voltage fluctuations was about 2-5 mV, and the dominant oscillatory frequency was 2.6 Hz. In voltage-clamp experiments, transient inward currents were induced on repolarization after a depolarizing clamp step. Oscillatory currents also occurred occasionally during clamp steps to positive potentials. The peak frequencies of transient inward currents recorded at -20 and -70 mV were approximately 3.7 and 2.3 Hz, respectively, indicating that these currents may underlie the arrhythmogenic membrane potential fluctuations observed in current-clamp experiments. The rose bengal-induced transient inward currents were shown to be dependent on the magnitude and duration of the preceding voltage step. Studies of the voltage dependence of transient inward currents showed that these currents remained inward even at positive potentials (+30 mV), and replacement of extracellular sodium with lithium decreased transient inward current to approximately 10%S of its initial value. Thus, the major component of oxidant stress-induced inward current appears to be electrogenic Na-Ca exchange. This oscillatory transient inward current may be responsible for the arrhythmias induced in isolated hearts exposed to reactive oxygen intermediates, and since oxidant stress has been implicated in reperfusion injury, it is possible that similar oscillatory currents may underlie reperfusion-induced arrhythmias. (Circulation Research 1991;68:319-329) R eperfusion of the ischemic myocardium can precipitate arrhythmias,' and these may occur clinically after coronary vasospasm,2 cardiac surgery,3 or thrombolysis.4 Oxidant stress has been implicated in the initiation of reprefusioninduced arrhythmias, and the evidence for this can be considered to fall into three broad categories. First, a number of studies demonstrate a burst of free radical production during early reperfusion,5-7 and this oc- 
The cellular basis of reactive oxygen intermediate-induced arrhythmias was investigated in isolated rabbit ventricular cells using the whole-cell voltage-and current-clamp techniques. Singlet oxygen and superoxide were generated by the photoactivation of rose bengal. Single ventricular cells exposed to rose bengal (10-100 nM) exhibited spontaneous membrane potential fluctuations at plateau potentials and at the level of the resting membrane potential.
The voltage fluctuations induced in the resting potential occasionally triggered repetitive action potential discharges. At the resting membrane potential, the magnitude and dominant frequency of the voltage fluctuations were 1-3 mV and 1.5 Hz, respectively. At plateau potentials, the amplitude of the voltage fluctuations was about 2-5 mV, and the dominant oscillatory frequency was 2.6 Hz. In voltage-clamp experiments, transient inward currents were induced on repolarization after a depolarizing clamp step. Oscillatory currents also occurred occasionally during clamp steps to positive potentials. The peak frequencies of transient inward currents recorded at -20 and -70 mV were approximately 3.7 and 2.3 Hz, respectively, indicating that these currents may underlie the arrhythmogenic membrane potential fluctuations observed in current-clamp experiments. The rose bengal-induced transient inward currents were shown to be dependent on the magnitude and duration of the preceding voltage step. Studies of the voltage dependence of transient inward currents showed that these currents remained inward even at positive potentials (+30 mV), and replacement of extracellular sodium with lithium decreased transient inward current to approximately 10%S of its initial value. Thus, the major component of oxidant stress-induced inward current appears to be electrogenic Na-Ca exchange. This oscillatory transient inward current may be responsible for the arrhythmias induced in isolated hearts exposed to reactive oxygen intermediates, and since oxidant stress has been implicated in reperfusion injury, it is possible that similar oscillatory currents may underlie reperfusion-induced arrhythmias. (Circulation Research 1991;68:319-329) R eperfusion of the ischemic myocardium can precipitate arrhythmias,' and these may occur clinically after coronary vasospasm,2 cardiac surgery,3 or thrombolysis. 4 Oxidant stress has been implicated in the initiation of reprefusioninduced arrhythmias, and the evidence for this can be considered to fall into three broad categories. First, a number of studies demonstrate a burst of free radical production during early reperfusion,5-7 and this oc-curs over the same time course as reperfusion-induced arrhythmias.1 Second, anti-free radical interventions have been shown to be antiarrhythmic. 8 A similar ITI to that described in this study has been previously reported associated with cellular calcium overload induced by sodium pump inhibition or the reduction of extracellular potassium.14' 5 In ventricular cells, a major component of this current is thought to be due to an inward current generated by the Na-Ca exchange mechanism.1516 Free radicals have been shown to "disinhibit" the Na-Ca exchange mechanism and to dramatically stimulate sodiumdependent calcium uptake into isolated sarcolemmal vesicles. 17 Reeves et a117 have suggested that free radicals can induce a specific redox modification of the Na-Ca exchange carrier protein, altering the carrier from a less active to a more active form. It therefore seems possible that oxidant stress (induced by free radicals or other reactive oxygen species) may fundamentally alter the Na-Ca exchange mechanism and, either as a consequence or in addition, may induce cellular calcium overload. The characteristics of the IT, recorded after oxidant stress-induced cellular calcium overload may therefore differ from those induced by sodium pump inhibition. The features of the ITIS measured in this study therefore will be discussed with reference to those of currents associated with cellular calcium overload induced by other means, such as sodium pump inhibition or the reduction of extracellular potassium.
Materials and Methods Cell Isolation
Ventricular cells were obtained from hearts of New Zealand White rabbits (1.5-2.0 kg body wt) using an enzymatic dissociation procedure similar to that described by Powell and Twist.18 Rabbits were killed by sodium pentobarbital overdose (150 mg i.v.) with heparin (1,000 IU i.v.) via the marginal ear vein. Hearts were excised, cannulated via the aorta, and retrogradely perfused for 3.5 minutes with a modified calcium-free Tyrode's solution containing (mM) NaCl 144, KCl 5.4, NaH2PO4 0.3, MgCl2 3.5, glucose 5.6, taurine 20, creatine 10, EGTA 0.1, and HEPES 5; pH 7.25. This was followed by 6.5 minutes of perfusion with the same solution containing, in addition, CaCl2 (0.175 mM), collagenase (1.0 mg/ml), and protease (0.1 mg/ml). The ventricles then were removed, chopped coarsely, and mechanically agitated addition, CaCl2 (100 ,.tM), fatty acid-free albumin (10 mg/ml), collagenase (1 mg/ml), and protease (0.1 mg/ml). Samples of supernatant containing isolated myocytes were taken at intervals of 5 minutes. These samples were centrifuged (90 seconds at 22g) and the cells were resuspended in a modified Tyrode's solution.
Electrophysiological Measurements
The method used to record whole-cell voltageclamp currents was similar to that developed by Hamill et 
Measurement of Calcium Currents and Transient Inward Currents
The influence of oxidant stress on the calcium inward current (ICa) was assessed by digitizing (at a sampling rate of 3 kHz) the tape recorded data. Peak 'Ca then was measured with respect to the current at the end of the clamp step, and the rate of inactivation was assessed by deriving the time constants (7Tfast and Tsiow) of two exponential curves fitted to the inactivation phase of ICa using the Clampfit program from the PCLAMP suite of programs.
For simplicity, the direction of transient oscillatory currents at any potential has been described relative to the steady-state holding current (rather than the zero current). The amplitude of oscillatory currents then was measured vertically from a line connecting the beginning and the end of each oscillatory current. 15 In experiments in which repolarization from a clamp step was accompanied by a significant tail current, ITI amplitude was measured vertically from the maximum inward-going current to a line passing through the beginning and the end of the following ITI.
Generation of Reactive Oxygen Species
Reactive oxygen intermediates were generated by the photoactivation of rose bengal. In aqueous solution, rose bengal can be elevated to its triplet state by illumination at 500-600 nm. In the presence of dissolved oxygen, the decay of the rose bengal triplet generates singlet oxygen (75% of decays) and superoxide (20% of decays).20
Rose bengal was added as a powder to deionized water to make a 0.25 mM stock solution. This then was further diluted in Tyrode's solution to give the various concentrations used in these studies. Rose bengalcontaining Tyrode's solutions were photoactivated by illumination of the superfusion chamber with broadband white light. The light intensity at the level of the superfusion chamber was approximately 2,800 lux.
Statistical Analysis
For each experimental condition, a number of observations were made in each cell, and a single representative observation from each cell then was averaged to provide a mean±SEM (n), where n equals the number of cells studied. Statistical comparisons were made using Student's t test, and differences were considered significant at the 95% confidence level.
Results
Effects of the Photoactivation of Rose Bengal on Membrane Potential Figure 1A shows a control action potential recorded in current-clamp mode at a stimulation rate A.
B. of 0.1 Hz. The resting membrane potential was approximately -80 mV, and the average action potential duration was 480 +25 msec (n =6). Figure 1B shows the resting membrane potential on an expanded scale. No oscillations in membrane potential were seen at the resting membrane potential ( Figure  1B ) or during the plateau phase of the action potential ( Figure 1A ).
Rose bengal, in the absence of illumination, did not alter action potential configuration or resting membrane potential (not shown). On illumination, however, action potential duration gradually prolonged, and membrane potential oscillations were observed at both resting and plateau potentials (Figure 1C) . In the experiment shown in Figure 1C , electrical stimulation was stopped, and oscillations in membrane potential triggered spontaneous action potentials. Repolarization was delayed, and in some instances, the membrane potential remained at plateau levels for many seconds ( Figure 1C ). The mechanism underlying the rose bengal-induced prolongation of the action potential and failure to repolarize has been investigated in a separate study. Figure 2A shows the rose bengal-induced oscillations in membrane potential recorded at the plateau level (between -10 and -20 mV) on an expanded scale, and Figure 2B shows the associated FFT. In Figure 2B , the dominant frequency of the voltage oscillations at plateau potentials was between 2 and 3 B. Hz. In a total of four cells, the average dominant oscillatory frequency at plateau potentials was 2.6+ 0.2 Hz (n=4). Figure 2C shows membrane potential fluctuations at the level of the resting potential, and Figure 2D shows the corresponding FFT with a peak at between 1 and 2 Hz. The average frequency of these fluctuations in resting potential was 1.5+±0.05 Hz (n=3).
A. Effects of the Photoactivation of Rose Bengal on Membrane Currents
To elucidate the membrane currents underlying the rose bengal-induced oscillations in membrane potential, cells were voltage-clamped using the single-electrode voltage-clamp technique. Figure 3 shows membrane currents induced by a 500-msec clamp step to +10 mV. A holding potential of -40 mV was used to inactivate the sodium current, and clamp steps were applied every 10 seconds. Under control conditions, although there was some rundown of the calcium current (to approximately 80% after 20 minutes), recordings remained stable for at least 20 minutes and no ITIS were observed ( Figure 3A) .
Rose bengal in the absence of illumination produced no detectable effects on membrane currents (not shown). On illumination, however, ITIS were observed after the depolarizing clamp step ( Figure  3B ). In In Figure 3 , it is clear that in the presence of rose bengal, the steady-state current was still inward at the end of the clamp step to +10 mV. This is due to the oxidant stress-induced reduction in the background conductance previously reported.21 Figure 4A shows rose bengal-induced ITIS recorded at -20 and -70 mV. These potentials are similar to the plateau and resting potentials in which oscillations in membrane potential were observed under current-clamp conditions (Figure 2 tion ( Figure 5A ). The relation between the voltage of the clamp step and the magnitude of ITI induced by rose bengal (for the records shown in Figure SA ) is shown in Figure 5B and is sigmoidal, with an activation threshold at about -20 mV. Figure SC shows the relation between the voltage of the clamp step and the time to peak ITI (measured from the end of the clamp step). Activating voltages of greater than +30 mV induced oscillatory currents during the plateau of the activating clamp step (see Figure 5A ). Similar results were observed in all cells studied (n=5).
The duration of the clamp step also influenced the size and the latency of ITI induced on repolarization ( Figure 6A ). Figures 6B and 6C show the relation between clamp duration and the size ( Figure 6B ) and time to peak ( Figure 6C) properties) of IT, also will be altered. The currentvoltage relation of ITI therefore was determined by repolarizing to different potentials after a constant depolarizing clamp step. Depolarizing clamp steps (to +40 mV for 500 msec) were applied from a holding potential of -40 mV for 50 msec. The voltage then was stepped to potentials between +30 and -90 mV for 800 msec before being returned to the holding potential.
A. .F-0 Figure 7A shows selected currents recorded from a myocyte exposed to 50 nM rose bengal for 5 minutes. The ITI showed no reversal potential, with an inwardgoing current induced even at potentials as positive as +20 or +30 mV. The current-voltage relation of ITI in this cell is shown in Figure 7B . At positive potentials the current was small, of relatively constant magnitude, and remained inward in direction over the range of potentials tested. At negative potentials there was a marked increase in ITI, with the maximal inward current at about -40 mV. At less than -40V, ITI progressively decreased with increasing hyperpolarization. One problem with the interpretation of data such as those shown in Figure 7 is that the magnitude of ITI is very dependent on factors other than voltage. Perhaps the most important determinant of ITI is the intracellular calcium concentration,28-30 and this, in itself, is likely to be voltage dependent. Thus, at less than -40 mV, the current-voltage relation may be contaminated by the voltage dependence of the intracellular calcium concentration. Over the range -40 to +40 mV, it is clear, however, that ITI showed no reversal potential. Figure 7C shows the voltage dependence of the time to peak ITI. Between -90 and -10 mV, the time to peak decreased as the repolarization potential became more positive. Between -10 and +30 mV, the time to peak ITI was independent of voltage and remained constant at approximately 150 msec.
Effects of Zero Extracellular Sodium on Transient Inward Current
As has been discussed, two different cellular mechanisms have been proposed to underlie ITI.
Fedida et a115 have used lithium substitution of extracellular sodium to distinguish between these two mechanisms and to assess the relative contributions of each to ITI induced in guinea pig myocytes by sodium pump inhibition. Lithium ions are freely conducted by the nonselective cation channel25,26 but are unable to substitute for sodium in the Na-Ca exchange mechanism.31 Figure 8 shows the influence of replacing extracellular sodium with lithium on IT, induced by 50 nM rose bengal. Figure 8A shows IT, recorded 3 minutes after rose bengal exposure in normal sodium. Figures   8B and 8C show IT recorded 1 minute ( Figure 8B ) and 3 minutes ( Figure 8C ) after changing to Tyrode's solution containing zero sodium (100% lithium). Rose bengal exposure was maintained throughout the sodium substitution protocol. Initially, ITI increased to about 130% ( Figure 8B ) and then declined to approximately 10% ( Figure 8C) Figure  8C shows such an experiment (ITI is inhibited by removal of extracellular sodium), and there is no evidence of an oxidant stress-induced time-dependent current such as Ik (Ik should remain unaffected by zero sodium33). We would therefore suggest that the quantification of ITI in these studies is unaffected by changes in steady-state currents and that there is no evidence indicating current records are contaminated by time-dependent currents.
Discussion The major finding of this study is that reactive Time-independent or steady-state currents would oxygen species, generated by the photoactivation of rose bengal, can induce membrane potential fluctuations and ITIS in isolated rabbit ventricular cells.
When cells were subjected to current-clamp, the oscillations in membrane potential were sufficiently large to generate repetitive action potentials and automaticity. These observations would suggest that oscillatory ITlS may underlie the rose bengal-induced arrhythmias observed in whole hearts10 and may be implicated in the genesis of reperfusion arrhythmias.
ITI has been studied extensively in cells calcium loaded by exposure to high external calcium,28 low external potassium,15 or sodium pump inhibitors (for review, see Eisner and Lederer34). It now is generally accepted that the cellular basis for ITI is that cellular calcium overload leads to spontaneous oscillatory sarcoplasmic reticulum (SR) calcium release,29,35 which in turn leads to the arrhythmogenic activation of an oscillatory calcium-sensitive ITI-
Calcium Overload and Sarcoplasmic Reticulum Function
A number of studies recently have demonstrated that oxidant stress can induce cellular calcium overload. Burton et al12 showed a rise in intracellular free calcium of more than 300% in rat ventricular myocytes exposed to a free radical-generating system. In studies using singlet oxygen, generated by the photoactivation of rose bengal, ultrastructural injury indicative of cellular calcium overload also has been described in isolated rat hearts36 and isolated single rat myocytes. 37 The Na-Ca exchange mechanism is known to play an important role in the regulation of intracellular calcium, and the activity of the exchanger is dependent on the transarcolemmal sodium gradient and hence the activity of Na,K-ATPase. Kim and Akera47 have reported that free radicals reduce sarcolemmal Na,K-ATPase activity and that this reduction can be prevented by free radical scavengers. Matsuoka et a148 also showed that free radicals reduced Na,KATPase activity and that this suppression could be prevented with superoxide dimutase. It therefore seems possible that free radicals may induce a cellular sodium load (by inhibiting Na,K-ATPase) and hence induce a cellular calcium load either by promoting a cellular calcium influx or by reducing calcium efflux via the Na-Ca exchange mechanism. In addition, Reeves et al'7 and Kato et a149 have reported that free radical-generating systems can stimulate Na-Ca exchange directly. Reeves et al'7 showed a 10-fold increase in Na-Ca exchange in vesicles incubated in a free radical-generating system. It therefore is possible that the inhibition of Na,KATPase,47 the stimulation of Na-Ca exchange,17 and the prolongation of the action potential (see Figure  1 ) may all combine to create a situation in which the cell loads with calcium in exchange for intracellular sodium during the prolonged depolarizations.
Inhibition of cellular calcium efflux? The possibility that free radicals may directly affect both the Na-K pump and Na-Ca exchange, as discussed above, may significantly influence calcium efflux via the Na-Ca exchange mechanism. A rise in intracellular sodium would decrease the sodium gradient and hence reduce the driving force for calcium extrusion via Na-Ca exchange. This may be offset to some extent by the stimulation of Na-Ca exchange by free radicals as suggested by Reeves et al'7 and Kato et al. 49 However, the reduction in the diastolic interval and prolongation of the action potential (see Figure 1 ) would tend to decrease the proportion of the time that calcium extrusion via the Na-Ca exchange is thermodynamically favored.50,51 In addition, the other primary mechanism responsible for cytosolic calcium extrusion is the sarcolemmal calcium ATPase. A recent study by Kaneko et Figure 8C may be expected to be in excess of peak IT (i.e., greater than -250 pA) rather than at the observed level of approximately -50 pA. These observations, and the lack of a reversal potential for ITI, therefore would suggest that the majority of this oscillatory current is carried by electrogenic Na-Ca exchange rather than the nonselective cation channel.
The characteristics of oxidant stress-induced IT, in rabbit myocytes described in this study are quite similar to those described for IT, induced in guinea pig myocytes by ouabain or low potassium. 15 Because the major component of this current appears to be electrogenic Na-Ca exchange, this study suggests that oxidant stress does not induce profound alterations in the Na-Ca exchange mechanism in terms of its dependence on the duration and voltage of the activating clamp step. These observations, however, do not rule out the possibility that oxidant stress might "disinhibit" the exchanger, as suggested by Reeves et al,17 or alter its sensitivity to sodium or calcium.
Conclusion
In isolated rabbit ventricular myocytes, oxidant stress induces arrhythmogenic oscillations in membrane potential and eventually automaticity. These oscillations reflect an underlying oscillatory ITI that appears to be mostly calcium-activated electrogenic Na-Ca exchange. The characteristics of this current appear to be similar to those previously described in ventricular myocytes calcium loaded by ouabain or low potassium superfusion. The activation of this oscillatory TI may be responsible for the arrhythmias induced in isolated rat hearts after exposure to photoactivated rose bengal. Because oxidant stress has been implicated in reperfusion arrhythmias,9 it follows that similar ITIS and automaticity also may would show a linear current-voltage relation reversing contribute to reperfusion-induced arrhythmias.
